Thirteen human subjects scheduled for elective anterior segment eye surgery received hourly 2% voriconazole eye drops 4 hours presurgery. No side effects were reported. Significantly, the voriconazole concentration in the aqueous humor of the eye was similar to that reported for the 1% voriconazole solution, suggestive of concentration-independent absorption.
Fungal keratitis accounts for 6 to 50% of all ocular infections and is one of the most difficult infections to treat (13) . Seventy percent of fungal keratitis infections are attributed to Candida albicans, Aspergillus fumigatus, and some Fusarium species (2) . At the Royal Victorian Eye and Ear Hospital (RVEEH), Melbourne, Victoria, Australia, Candida albicans is the causative fungus in 37% of the treated cases (2) .
Voriconazole (Vfend) is effective (Table 1) against common pathogens associated with fungal eye disease (i.e., Candida, Aspergillus, and Fusarium species [3, 6, 8] ) and some less common keratitis-causative fungi such as Paecilomyces spp., Histoplasma spp., Scedosporium spp., Curvularia spp., and Acremonium (3, 8) . The typical corneal fungal pathogens (8) are shown in Table 1 . Voriconazole is available commercially in oral and intravenous forms (Vfend package insert; Pfizer Inc., New York, NY). Case reports relating to the use of topical 1% voriconazole for ocular fungal infections are promising but limited (8) . A recent study by Lau et al. reported that the concentration of voriconazole in the aqueous humor (after topical administration with 1% voriconazole solution) was sufficiently high to treat some common types of fungal infections but may be inadequate for common but less-sensitive keratitiscausative fungi (12) .
To date, there has only been one case report on the topical application of 2% voriconazole solution (14) . The solution was used in combination with intravenous voriconazole and was successful against Fusarium solani keratitis. Importantly, the extent of the role played by the 2% solution in the reported case and the extent of penetration of topically applied 2% voriconazole solution into the aqueous humor remain unknown.
The aim of the current study was to investigate the penetration of 2% voriconazole eye drops into the aqueous humor as a potential alternative therapy for the management of ophthalmic fungal keratitis.
(Preliminary data of the work described in this paper were presented at the 13th International Congress on Infectious Diseases, Kuala Lumpur, Malaysia, June 2008.)
The current study was an open-label prospective study conducted between July 2007 and August 2008 at the RVEEH. The study was approved by the human ethics committee of RVEEH and Monash University.
Participants Ն18 years old scheduled to undergo routine anterior eye segment surgery were recruited. Exclusion criteria were liver or kidney failure, breast feeding, pregnant, trying to conceive, allergy to voriconazole or benzalkonium chloride, use of latanoprost or medications contraindicated for voriconazole (Vfend package insert; Pfizer Inc., New York, NY), and active ocular inflammatory conditions. Written informed consent was obtained from each participant before enrolment.
In accordance with previous studies (12, 16) , for an expected standard deviation of Ϯ1.0 mg/liter and a Ϯ0.5-mg/liter margin of error of the mean associated with a 95% confidence level, the required sample size was 13 participants.
The 2% solution was manufactured aseptically by the RVEEH Pharmacy Department. It was prepared by reconstituting Vfend IV (200-mg vial; Pfizer Australia Pty. Ltd., Sydney, NSW, Australia) with 9 ml of water for injection (Pfizer Pty. Ltd., Perth, WA, Australia) containing 0.01% benzalkonium chloride solution (benzalkonium chloride 50%; Professional Compounding Centers of America, TX; Australian Compounding Pharmacy, Australia).
A single drop (0.05 ml) of the 2% voriconazole solution was administered by a nurse to the eye to be operated on every hour for 4 hours prior to operation. The last dose was administered approximately 1 hour before surgery. A drug administration diary was used to document the date and time of administration and any side effects experienced.
At the start of surgery and before infusion of any intraocular irrigation solution, 0.1 to 0.2 ml of aqueous humor was aspirated through a paracentesis site with a 30-gauge needle attached to a syringe. Samples were immediately refrigerated at 4°C and analyzed within 7 days of collection.
Voriconazole levels in the aqueous humor were quantified by a validated high-performance liquid chromatography assay with photodiode array detection. The analytical methods have been published previously (12) .
The Mann-Whitney test was used to investigate any significant difference in measured voriconazole concentrations between participants with and without diabetes mellitus. Student's t test was used to compare differences between means.
The 13 participants had a mean age (Ϯstandard deviation) of 70 Ϯ 7.7 years ( Table 2 ). All participants had phakic lens status and required unilateral cataract surgery in a noninflamed eye. No side effects or toxicities were reported.
The mean voriconazole concentration in the aqueous humor was 1.67 Ϯ 0.97 mg/liter, while the mean sampling time after the last eye drop administration was at 1.3 Ϯ 0.3 h ( Table 2) . There was no statistical difference (P ϭ 0.67) in the mean aqueous humor voriconazole concentrations between the 10 nondiabetic participants (1.72 Ϯ 1.03 mg/liter) and the 3 diabetic participants (1.50 Ϯ 0.91 mg/liter).
The mean aqueous humor voriconazole concentration in this study (using 2% voriconazole solution) was not significantly different (P ϭ 0.68) from that reported by Lau et al. (12) using 1% voriconazole solution.
In the Lau et al. study (12) , the mean aqueous humor voriconazole concentration was 1.90 Ϯ 1.12 mg/liter and the mean sampling time after the last dose was 1.1 Ϯ 0.5 h. Results from the current study are comparable with those of Lau et al. (12) . Both studies had identical numbers and frequencies of doses administered. In both studies, the trough voriconazole levels were measured (samples were collected approximately 1 h after the last one-hour drop). Furthermore, both studies administered the same volumes (ϳ0.05 ml) of eye drops at each dose (11) and used benzalkonium chloride (a transcorneal penetration enhancer [9] ) as the preservative. The eye drops prepared in this study and those used by Lau et al. contained the same concentration of benzalkonium chloride (0.01%).
The results from this study are consistent with previous studies (12, 16) , demonstrating that topically administered voriconazole solutions achieve therapeutic concentration in the aqueous humor for treatment of fungi in Table 1 , including those encountered at our institution (RVEEH). Importantly, the concentration resulting from the 2% voriconazole eye drops is not significantly different from that reported for the 1% solution (12) . It appears that the penetration of voriconazole through an intact infection-free cornea is not concentration dependent, at least for the concentration range studied (1% to 2%). This appears counterintuitive and challenges the hypothesis of the study but is consistent with observations in a recent animal study, where the voriconazole level in the corneas of horses with fungal keratitis did not change when the administered voriconazole eye drop concentration was changed from 1% to 3% (4) .
While the precise mechanism of fluid/drug transport through the cornea remains obscure (5), it is important to recognize that, in this and previous studies (12, 16) , the eye drops were applied to noninfected eyes. To attempt this study in patients with active fungal keratitis would be difficult, given the very low incidence of fungal keratitis and the need for long-term treatment. Nonetheless, the voriconazole concentration in the infected eye depends neither on the size of the epithelial defect nor on epithelial removal, and thus it has been suggested that epithelial damage is not necessary for voriconazole penetration (15) .
We have previously demonstrated that the 2% eye drops are stable for up to 16 weeks when stored between 2 to 8°C and at 25°C (1). Furthermore, the 2% solutions have a pH range of 6.02 to 6.16 (1) , which is usually well tolerated by the eye (7). It is unlikely, therefore, that any eye irritation resulting from the use of these eye drops (none reported in our study) would be a consequence of low pH. Systemic side effects resulting from the topical administration of the 2% voriconazole solution will be negligible as each administered dose (0.05 ml) contains approximately 1 mg of voriconazole, which, compared to the standard systemic daily dose of 400 mg, is unlikely to result in a systemic concentration that will cause side effects. In conclusion, the 2% voriconazole eye drops appear to be well tolerated. The concentration of voriconazole achieved in the aqueous humor was adequate (at least theoretically) to treat typical keratitis-causative fungi. Our data suggest that the penetration of voriconazole through an intact noninflamed cornea is unlikely to be concentration dependent for the concentration range 1 to 2%.
